Abstract-This work presents a comparative analysis of the thermo-economic performance of a simple, retrofitted and built-in combined cycle power plants within the Delta. The data were obtained from a 25MW gas turbine plant-based engine, retrofitted and MATLAB software was used to model the thermodynamic performance of the plants. The economic prediction of the plants was done using a developed net present value(NPV), internal rate of return ( and 52.6% for the RCC and BCC respectively. The result also showed that the plant performs better at a lower ambient temperature and higher relative humidity with a higher return on investment. This research provides great insight into the thermo-economic analysis, and benefits of combined cycle power plant and will aid energy system investors on the choice of the power plant for power generation in the Niger Delta.
I. INTRODUCTION
Energy efficiency and emission control are one of the common challenges we face today are energy in the energy and maritime sector. Most power sources are powered by an engine that burns fossil fuels. Research shows that fossil fuel accounted for 81% of the global energy usage. The combustion process byproduct produces a large volume of CO2 into the atmosphere causing global warming. To increase the energy system's efficiency and plant optimization are options to minimize energy usage, as well as carbon emission reduction. To integrate these options will provide useful outputs and offer a higher efficiency and cost-effective energy system with less environmental impacts Combined cycle is one of the well-proven and commercialized energy systems which has attracted ample attention during the last decades, which utilize the waste energy from the prime mover to recover that energy are used for power generation.
Many researchers have carried out performance analysis of the combined cycle energy system. As part of performance evaluation, [1] carried out an exergy analysis of a supplementary firing combined cycle power plant and their results revealed that if a duct burner is added to the HRSG, the first and second law efficiencies are reduced, which affect performance. In the work of [2] , they carried out the performance analysis of combined-cogeneration power plant under design point variety. The different variety is amounts of supplementary firing, steam injection (or no steam injection), exhaust gas condensation. The result revealed that at maximum turbine rotor inlet temperature, optimum turbine pressure ratio, optimum steam turbine boiler pressure and maximum steam injection in the gas turbine, the plant performs better with optimum efficiency. It is, however, important to note that steam cycle power performs better on supplementary firing because much amount of steam can be produced but does not increase the combined gas-steam efficiency since the supplied fuel is only used in the steam cycle [3] . In [4] , he presented an exergy-based analysis for plant performance improvement. The result revealed that there is a drop in both the thermal efficiency and exergy efficiency for every drop in the operational load. The application of the first and second law of thermodynamics provides a holistic result for the plant performance prediction as indicated in [4] .
In modelling and simulating a combined power plant, the result show that the behaviour of the gas turbine at part load affects the gas-turbine performance [5] . In [6] , they suggested that the best combination of process parameters of steam leaving the steam generator gives an optimum performance of the plant at part load operation. Decision variables were used to present the optimum values of thermal efficiency and power output. Described by a design methodology for the Gas turbine cogeneration system by integrating a simple system with regenerator, and HRSG for the waste heat utilization and the result improved performance [7] . The heat from the gas turbine (exhaust gases) has been used to produce steam for other processes. Steam is formed at 20 bars and 14 kg/s, which is an assumption to design heat recovery steam generator and the overall plant performance improved. Research by [8] analyzed simple combined cycle power plant using various types of coolants for gas turbine stage cooling. Steam coolant is bled from the heat recovery steam generator and the result shows a different degree of influence of the coolants upon the performance of topping, bottoming,
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Anthony Kpegele Le-ol, Sidum Adumene, and Kenneth Israel combined cycle and HRSG were presented. Also [9] present the performance optimization of HRSG effects on combined cycle overall performance. Their result shows that for an increase in the exhaust gas by 80kg/s, the steam generation increases by 19.29% and 18.18% for the low and high pressure respectively [9] . This invariably increases heat energy generated especially when there is a steam bleed for process operation. Reference [10] performed a sensitivity analysis for three different HRSG configuration in a combined cycle power plant. The Results showed that the net power output and overall efficiency increase with steam pressure increases, whereas increased pinch point temperature difference and approach temperature decrease power output and efficiency. This effect causes a decrease in net heat transfer area which is directly related to the first investment cost of the HRSG. They concluded that for optimum HRSG design, approach and pinch point temperature should be considered. Reference [11] therefore observed that the most economical pinch point temperature difference is obtained by optimization which considers the fixed charges (based on capital cost) and operating costs (based on efficiency and hence, fuel costs). Reference [12] did a ranking of costs, HRSG type and heat rate indicating that to obtain high heat rate with a low cost, the one-pressure level, non-reheat HRSG is recommended
In the work presented by [13] , they observed that the use of different heat exchangers configuration (both recuperators and intercoolers) show a promise of potential fuel cut and thereby reduces CO2 emissions. Reference [14] did a study on the retrofitting of a conventional steam power plant by adding the gas turbine, where good fuel efficiency, low power generation cost and reduction in pollutants emissions are major factors. They observed that the conversion of a plant into a combined cycle unit by adding a topping cycle led to an increase in total plant output up to 25%, increase in efficiency by 5%, fuel saving (15-20%), low investment cost for generating power compared to conventional units and low NOx emission. In the work carried by [15] , a performance improvement on an existing gas turbine using retrofitting was analysed. The analysis shows that about 42.46MW of heat flow wasted in the exhaust gas was converted into 12.85 MW electric power, thereby reducing emission rate and improving performance. Reference [16] , presented a thermo-economic analysis of an energy system in the tropical rainforest. Their results showed that for every 1% drop in the power output, the percentage drop in the thermal efficiency increase by 0.79%, and there exists a power shortage of 47.9% for the period. The economic worth (losses) due to the shortage is about $4,198741.
Thermo-economic Review of Energy System Analysis
The scope of thermo-economic is very extensive. It ranges from performance analysis, cost analysis to the improvement of the economic viability of the cycle. The thermo-economic analysis considered the simple cycle gas turbine and the improved combined cycles gas turbine. The cost function is used to describe the unit price of electricity production and gives the ratio of total system cost to the installed kilowatt of electrical energy capacity [17] . The thermo-economic analysis of thermal systems is a scientific discipline that has the objective to find a trade-off between high thermal efficiency and low capital cost. A thermoeconomic method combines expenditures of financial resources (economic) with the thermodynamic relation of an energy system [17] and provides a compromise between maximum thermodynamic performance and cost minimization [18] . The overall cost of fuel, capital, maintenance and operating costs consists total for the period under consideration. Global concern on the reduction of the amount of emitted pollutants is considered crucial for energy system analysis [19] . Frangopoulos [20] introduced environmental consideration in the cost function of the plant. The thermo-economic analysis provides information on a cost-efficient system that will reduce environmental impact [21] .
Reference [22] carried out a cost-based exergetic analysis of a combined power plant. The result revealed the minimum exergetic production cost of the power plant and that the maximum exergy losses occur in the exhaust manifold. "Reference [23] applied levelized cost method to estimate the specific investment cost for the energy system taken into consideration load factors and unit heat and electricity cost for a cogeneration plant. Investigation of a tri-generational power plant performance was done by [24] and the result shows that the point of maximum performance as well as the point for maximum steam extraction will not affect the overall plant performance for district heating/cooling system. The investigation further revealed that the low-pressure turbine inlet stage is the most convenient point for steam extraction for the plant analyzed and to maintain effective plant performance.
Previous works have studied and suggested ways of improvement of simple and combined cycles plants in the region of the study (Niger Delta, Nigeria) in terms of efficiency and performance but none has explicitly considered economic viability of the improvement based on the prevailing operating conditions in the region. Therefore, this work seeks to assess the plant's economic viability from a thermo-economic perspective; considering efficiency and power output as well as Net Present Value (NPV) and Internal Rate of Return (IRR), capital cost, return on investment and payback period of these power plants.
II. METHOD

A. Performance of a Theoretical Heat Balance on HRSG
The energy balance on the HRSG is presented. The units are made up of the different set of heat exchangers and their configuration affect their performance as well as the overall performance of the HRSG. Even though these components may include other heat exchange services, at this time we will only consider the three primary coil types namely; Economizer, Evaporator and Superheater as shown in Fig. 1 . Fig. 1 shows the steam temperature which increases from point 4 to 1. Process 4 -5 occur in the economizer; 5 -6 occur in the evaporator, and 6 -1 is superheating. The exhaust gas is cooled from point Td of the gas turbine to a temperature of Ta well above its acid dew point temperature.
The pinch points are x-5 and d-1. A pinch and approach temperature of 10˚C is used to minimize heat loss between the exhaust gas and steam and at the same time ensure heat transfer for maximum power output. HRSG. [15] Applying the heat balance equations between the gas turbine exhaust and HRSG gives: [15] ̇(ℎ 1 − ℎ 4 ) = ̇( − )
(1)
The capacities of the various components of the HRSG are thus estimated as follows [2] :
Evaporator:
Superheater:
Heat Rejected by exhaust gas is given by
HRSG Capacity
Thermal Efficiency of HRSG, = ̇ (8)
B. Models for Economic Evaluation of Energy System
The thermo-economic viability of power plant projects can be forecasted using various criteria that can be adapted to carry out such a comparison [25] ; such tools include the net present value (NPV), payback-period (PBP) and internal rate of return (IRR).
The Net Present Value (NPV) is an economic tool used to assess the future series of after-tax cash flow (ATCF) generated for the power generation and utilization [26] . The NPV of the financial benefits is compared with the NPV of the investment to determine whether the investment has a positive return [26] . Mathematically, NPV is expressed as [25] 
The payback-period (PBP) is the length of time usually in years taken to recover the initial cost of investment of the implementing plant based on the annual savings realized [16] . That is, 
C. Model and Cost Uncertainty
Uncertainty influence the course function of the daily energy generated variability and this may be due to atmospheric temperature, pressures, humidity, air flow, fuel flow and state of the machinery. Although these are included in the plant performance model and cannot be filtered out, the impact of these operating parameters on the plant output may be non-linear in some case and a change in value may influence the system. This, however, depends on the quality of the air mass, blade configuration and staging of the compressor and the turbines. In a similar way, there is an effect of averaging daily draught variability on fuel consumption of the plant and other factors gives a realistic prediction of the overall performance.
Multiple regression theory or approach is used to estimating the regression coefficients associated errors resulting from not knowing their actual values due to fluctuation in prices, energy cost and energy demand. In energy system, thermo-economic performance modelling, the model and its parameters have associated some uncertainty which depends on whether a filtered or normalised (corrected by modelling of the interactions between variables) dataset is used to calculate the performance indicators. In both cases, the model parameters and form may be based on a theoretical, statistical or assumptions. In this analysis, certain performance indicators were used with the prediction for twenty years period under uncertainty and the model has it associated predictive uncertainty.
III. RESULTS AND DISCUSSION
Performance analysis of the combined cycle power plant was carried out using MATLAB Software at 190oC stack temperature of the HRSG. Five (5) different cases were considered for retrofitting HRSG and steam turbine to Trans-Amadi gas turbine at various conditions and the optimal design point was reached as shown in the flowchart in Fig. 2 . Table II shows the performance of the retrofitted combined cycle based on the operational parameters of the base simple gas turbine (GT) engine. This indicated an additional revenue increase of 30.7%. Though the cost of outages represents 13.56% of the overall revenue generated for the period under consideration. This shows a great reduction in comparison with that of the simple GT plant.
The Initial cash flow: .33 Also, by the method of iteration, the internal rate of return on investment for the RCC is determined to be 13.40%. The result as shown in Table III revealed that the initial investment on the retrofitted plant is $41,366,200.80. Using the various cost tools on the various component of the plant, it shows that the GT operation and maintenance cost represents about 2.6%; the fuel cost represents 13%; HRSG operation and maintenance cost represent 2.9% and the Steam Turbine (ST) operational and maintenance cost represents 3.38% for the first year of operation.
The analysis revealed that much is invested in the fuel cost as compared to the other costs of operation of the plant under the same consideration. The analysis shows a present value of the annual net cash flow of $4,190,784 .68 for the first year of plant operation. This represents a 10.13% on the initial cost of investment and a 53.15% increase on the annual net cash flow for the GT plant in the same year of operation. 
A. Investment Analysis of a Built-in Combined Cycle
The initial cash flow is the cost of installation of One 37.84MW (25MW GT + 12.84MW ST)
The Initial cash flow F o = (1 × 37.84MW − CC) × capital cost per kW. By method of iteration the internal rate of return on investment is determined to be 17.90% as shown in Fig. 3 . Table IV shows the economic performance of a built-in (fresh installed) 37.846MW power plant. The analysis was done using the combined cycle capital cost rate, and operation and maintenance cost as a single unit. The initial cost of investment was $46,550,580 which represents a 12.5% increase on the retrofitted plant. The operation and maintenance cost represent about 59% reduction compared to that of the retrofitted plant. This is due to the application of the cost of operation and maintenance were applied on the individual components of the retrofitted plant as stated under the consideration. This, therefore, informs the decision maker and engineers on the best operation and maintenance plan that enhance profitability and reduces cost. Applying a unified operational cost plan on the retrofitted power plant will reduce the estimated O&M cost by about $2million. The annual net cash flow for a built-in combined cycle plant increase by 34.4% compared to the retrofitted plant. This reflects the reduction in O&M cost for the built-in plant. The annual net cash flow represents a 13.7% on the initial investment cost. For the 20years operation, the cash flow increased by 148.7% as against 187.3% and 195% for the retrofitted combined cycle and the simple GT power plant respectively. Fig. 3 shows the internal rate of return for the power plants. The built-in combined cycle shows the highest internal rate of return for the period under consideration. The built-in combined cycle also has the highest NPV for the 20-year period under consideration as shown in Fig. 6 . under the modelling conditions for the period of consideration. This presents the built-in plant advantageous over the retrofitted plant in term of operation and maintenance cost. Although, at the same condition of analysis, the retrofitted may show a lower or equal operation and maintenance cost as the built-in combined cycle. The difference between that of the retrofitted and the built-in combined cycle plant is about 37.9%. This is an indication that the return on investment is much higher in the built-in combined cycle to the retrofitted cycle under the stated consideration
C. Discussion of Findings
IV. CONCLUSION
The comparative assessments of the three plant types provide a significant detail on the plant's performances. The various performance indicators revealed that all the three cycle configurations SGT, RCC, BCC show a good performance in terms of thermal efficiency, fuel consumption, power output, return on investment at lower ambient temperature with positive NPV and payback period. The retrofitted combined cycle (RCC) shows the highest economic performance with the maximum cost-toperformance ratio, while the simple gas turbine (SGT) has the minimum cost-to-performance ratio. The analysis indicates that the higher IRR and cash flow exceeds the cost of investment, the higher the net cash flow to the investor.
The research strategically shows that the built-in combined cycle has an optimum performance for the period of consideration with the lowest payback period of 6.3years, highest IRR of 17.9% and NPV of $30,755,454.18. The investment risk analysis was modelled using the simple payback period methods and it identifies the breakeven in combined cycle plant is about 37.9%. Although the payback decreases as the NPV increases across the three plants which reflect on the return on investment. The result further indicates that the return on investment is much higher in the built-in combined cycle compare to the retrofitted cycle under the stated considerations. Although uncertainty may be associated with some escalated percentages and assumptions, this result provides a comparative technical and economic perspective for energy policymakers in the choice of power plants and operational costs.
